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Background
Hydrogen is seen as an important energy carrier for the future which offers carbon free emissions at the point of use. However, transition to the hydrogen economy is likely to be lengthy and will take considerable investment with major changes to the technologies required for the manufacture, transport and use of hydrogen. In order to facilitate the transition to the hydrogen economy, the EC funded project Naturalhy is studying the potential for the existing natural gas pipeline networks to transport hydrogen from manufacturing sites to hydrogen users. The hydrogen, introduced into the pipeline network, would mix with the natural gas. The end-user may then extract the hydrogen for use in fuel cell applications or burn the gas mixture directly within existing gas-fired Introduction
Hydrogen is a more reactive gas than methane (the main constituent of natural gas) and has a considerably higher laminar burning velocity than methane (approximately 2.6 m s -1 compared to 0.35 m s -1 for methane [1] . The speed at which the combustion reaction takes place within a gas/air mixture directly affects the resulting pressure generation as a pressure wave develops in front of the flame, particularly in unconfined or partially confined situations where the flame is able to accelerate. Consequently, a series of large scale experiments were undertaken within an enclosure representing an industrial housing or a room in a commercial premises. The enclosure had one open end wall representing a vent with a low failure pressure (such as a window or large doorway). The explosions studied involved methane and methane/hydrogen mixtures containing up to 50% by volume hydrogen. Explosion severity can be further increased if obstacles are present within the gas cloud giving rise to turbulence which further enhances the flame speeds and hence pressure generation. Therefore, some experiments involved the use of pipework obstacles (called congestion).
During the Naturalhy project, fundamental data has been obtained on laminar and turbulent burning velocities of methane/hydrogen mixtures [2, 3] . This data has been used to modify an existing mathematical model, SCOPE, which was originally developed to predict the flame speed and overpressure developed by vented confined explosions involving hydrocarbon/air mixtures [4] . The modified model predictions have then been compared with the experimental results.
Experimental details

Experimental Arrangement
The test rig enclosure was constructed from steel and measured Methane and hydrogen were introduced into the enclosure from separate gas supplies and then the mixture recirculated using an external recirculation system containing a fan, as shown on Figure 1 . Oxygen cells were used to measure oxygen depletion (and hence total gas concentration) during the test rig filling process and provided instantaneous readings on the SCADA based logging system in the remotely located control room. This system also controlled the gas filling process. Gas samples were also drawn from the enclosure through 6.25mm diameter tubing to on-line analysers which enabled the hydrogen and methane concentrations to be measured individually. Gas filling continued until the correct methane/hydrogen-in-air mixture had been achieved and recirculation continued until the mixture was uniform throughout the enclosure. As explosion overpressure is related to the composition of a gas-air mixture, the composition was chosen such that the maximum overpressures would be expected, that is, with an Equivalence Ratio of about 1.1, slightly rich of stoichiometric.
Once the correct mixture was formed, the recirculation system was isolated from the test rig and the mixture was ignited by a single electrical spark activated at a known time by a computer controlled system which also activated the data logging devices. The spark ignitor was located either at the centre of the enclosure, or close to the centre of the rear wall as shown on Figure 1 . The flame then developed through the enclosure, causing the polythene to fail and allowing the flame to vent outside the enclosure.
Scientific Measurements
The progression of the flame throughout the explosion chamber was determined by 20 flame ionisation probes (IPs). Each probe consisted of two electrodes separated by a small gap (typically 10 mm) that provides a high electrical resistance. As the flame passes between the two electrodes, the presence of the ions lowers the resistance across the gap and triggers a TTL (Transistor-Transistor Logic) voltage step output from a purpose-built electronic circuit. This voltage acts to terminate a computer based counting register on a counter board. Counting in the registers was initiated at the time of ignition at a known count frequency and hence an accurate time of arrival of the flame at the IP is obtained.
Data from successive probes enables flame speeds to be calculated. The accuracy of the system has been checked previously by comparing it with cine records and other flame detection systems less suitable for large scale explosion experiments and has been shown to have an accuracy of better than a millisecond for natural gas explosions. The signals from the IPs were recorded on a PC based logging system at a rate of 100kHz.
The explosion overpressures were measured using 10 pressure transducers. Six were located inside the enclosure and fixed to the floor within boxes. Four were installed within aerodynamic housings such that they measured the free field overpressure and located outside the vent (see Figure 2) . A transient recorder was used to record the overpressure developed inside and outside the enclosure during the tests that were ignited. This logger recorded at a rate of 50 kHz. The pressure traces recorded were post-processed and a 1.5
ms rolling average applied to remove short duration spikes and noise. The maximum overpressure and time of occurrence were then identified.
The flame speed emerging from the vent was also determined from successive frames of high speed video footage. ignited centrally and at the rear, with and without pipework congestion. The Table also summarises the average peak pressure and the maximum overpressure measured at any location within the enclosure. Generally, the maximum overpressure occurred at the rear of the test rig furthest from the vent. However, for tests ignited at the rear and involving a 50:50 methane:hydrogen mixture, where a high speed flame was produced, the highest overpressure occurred near the vent.
Experimental Test programme and Results
The flame speed at the vent was determined over the first 1 m from the vent using footage from a high speed video viewing the vent at 90 degrees (except in the case of Tests 5 and 9, where the flame speed was estimated from a camera viewing the vent at 45 degrees over a distance of 2 m). These flame speeds are summarized on Table 1 . Using the data from the IPs, Figure 5 shows the time of flame arrival within the enclosure for the tests ignited at the rear of the enclosure (6 to 10) without and with the pipework congestion. As can be seen, the addition of hydrogen to the fuel resulted in significantly earlier times of flame arrival at the vent, indicating higher flame speeds. This result can be explained by the higher burning velocity of hydrogen compared to methane, which increases the burning velocity of the methane/hydrogen mixtures. The addition of pipework congestion further reduced the time of arrival at the vent, that is, a higher flame speed was generated.
A close relationship between the maximum overpressure and the flame speed at the vent was observed, as can be seen on Figure 6 . Figure 7 summarises the results of all tests in terms of the maximum overpressure measured within the enclosure. As can be seen, increasing the concentration of hydrogen, resulted in increased overpressures. However, the addition of 20% hydrogen to methane resulted in a modest increase in overpressure but the addition of 50% hydrogen to methane resulted in significantly higher overpressures.
Considering the overpressures measured at all locations during the tests with an empty enclosure, the overpressures measured during tests with an 80:20 methane:hydrogen mixture were a factor of about 1.2 greater than those measured during the corresponding methane test. However, for the 50:50 mixture, the factor was about 3 to 4. 
Mathematical Modelling
Shell Global Solutions have developed a model called SCOPE (Shell Code for
Overpressure Predictions in gas Explosions) to predict the flame speed and overpressure generated in a vented confined explosion [4] . The model is phenomenologically based, comprising various sub models for physical processes such as 'grid' turbulence generation, burning velocity and flow from the vent. It is ideally suited to model confined vented explosions in the kind geometry of the test rig described in this paper.
Ignition is assumed to take place at the back wall (opposite the vent) and the flame front is modelled as being initially hemispherical in shape and expanding until the edge of the flame front reaches the walls of the enclosure. The unburnt mass is monitored using expressions for the rate of consumption by the flame and the mass flow through the vent.
Self-acceleration of the flame is taken into account, whereby the expanding laminar flame develops wrinkles in the flame front that increase the flame area and the rate of fuel consumption.
Turbulence can be generated by obstacles or congestion, that is, solid bodies in the path of the flow of gas/air mixture ahead of the flame front, which act to increase the turbulent burning velocity and thus the flame speed. In order to be able to represent real pipework and vessels on a process site which form the 'congestion', the model requires an idealised representation of the congestion to be input. This representation takes the form of a series of 'grids' perpendicular to the flow field, where, within each grid, the user can specify several cylindrical or rectangular profile obstacles. Each grid has an area blockage and a representative size of the obstacles which both affect the generation of turbulence. The turbulence model is semi-empirical and is calculated using an expression which is a function of the drag that a grid of obstacles exerts on the flow.
Overpressure generation is a function of various parameters, but essentially the flame speed is the dominant factor. The flame speed depends on the burning velocity of the fuel gas which can vary greatly if turbulence is present. The turbulent burning velocity is calculated using expressions which require the laminar burning velocity and the Markstein number for the fuel/air mixture concerned.
Modifications to the Model
SCOPE has been validated against various hydrocarbon experiments and has the ability to predict pure hydrogen gas explosions but not mixtures of these gases. To use the model for the Naturalhy project, it was necessary to modify the model.
In particular, the burning velocity of the natural gas/hydrogen mixtures needed to be characterised. This was achieved using data generated from experiments performed within the Naturalhy project on laminar and turbulent burning velocities of natural gas/hydrogen mixtures [2, 3] . This data showed that the laminar and turbulent burning velocity increased The stretch Markstein numbers (Ma) were also derived during the experiments for each fuel composition, this parameter affects the turbulent burning velocity calculation in the SCOPE sub model [7] . For stoichiometric methane/air mixtures, the Markstein number used by SCOPE is 3.76. The experimental data [2, 3] 
Model Predictions
To validate the model against the experimental data described in Section 3, the geometry of the test rig was formulated in the correct form for SCOPE as a series of grids. To obtain good predictions it was found that the obstacle supports at the walls of the test rig needed to be included in the description of the congestion in addition to the pipework obstacles themselves.
SCOPE was then used to simulate all the experiments ignited at the rear of the enclosure (Tests 6, 7, 8, 9 and 10). The predicted overpressure and flame speed were then compared with the experimental data as detailed in Table 1 . Figure 8 shows the comparison of flame speed at the vent and Figure 9 , the comparison of predicted and measured maximum overpressures.
When comparing predictions of explosion behaviour (especially maximum overpressure) with experimental data, two factors must be considered. Firstly, the variability of measured maximum overpressure from apparently identical explosions and secondly the degree of accuracy realistically expected from explosion models. In a study of the variability of explosion phenomena [8] , the maximum overpressures measured was found to vary significantly within a series of nominally identical large scale experiments. A study of the capability of explosions models (both CFD and phenomenological) [9] showed that significant differences between predictions and data can also be expected. It is noteworthy that the criteria used to assess model performance in that study was the ability to predict within a factor of 2 (or 0.5) of the measured value [9] . Ledin [10] also applies the same criteria in his review of the predictive performance of explosion models. (Clearly, a model which provides conservative predictions is preferable).
As can be seen from Table 1 , the predictions of maximum overpressure from the modified SCOPE model are all within a factor of 1.76 of the measured value and in 3 cases considerably better. The predicted flame speed at the vent showed even better agreement with the data and all the predictions were on the conservative side.
Conclusions
Large scale experimental data on the severity of confined vented explosions have been obtained for methane:hydrogen mixtures containing up to 50% hydrogen by volume.
Explosions severity (overpressure) increased with increasing hydrogen fraction, although the increase was modest for the addition of 20% of hydrogen. The addition of pipework congestion also increased overpressures significantly and the location of the ignition was an important factor. These results are encouraging for the Naturalhy project, suggesting that the level of hydrogen addition envisaged is likely to result in only a modest increase in the explosion severity.
The Shell model SCOPE was modified and then used to predict some of these natural gas/hydrogen explosions. Reasonable agreement was achieved and this suggests that SCOPE would provide a means of predicting confined vented explosions of this type involving natural gas/hydrogen mixtures in other geometries of enclosure and with differing levels of congestion.
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